Introduction
Bone tissue regeneration is a complex biological process, in which the proliferation and differentiation of target cells are guided by some released specic factors, the guided growth of bone is activated and accompanied by microvessel formation.
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An ideal bone repair material for regeneration of bone defects should possess high osteoconductivity, good mechanical strength and the ability to effectively induce osteogenesis and angiogenesis for accelerating vascularization, which will further promote new bone formation. 3, 4 Moreover, biomaterials with porous structures, which benet cell spreading and attachment, are also important. 5 Calcium polyphosphate (CPP) was regarded as a novel bone substitute material with a similar element composition to that of natural bones. In the last 10 years, CPP as well as congeneric bioceramics with controllable degradation and good bioactivity have been extensively applied for bone regeneration. However, its angiogenesis and osteogenesis properties seemed to be insufficient. Meanwhile, similar to normal inorganic ceramics, CPP's further clinical application for weight-bearing bone reconstruction was restricted by its brittleness and low compressive strength. 6, 7 Thus, the combination of inherent bioactivity and controllable degradation of CPP scaffolds with additional optimal ductility, excellent angiogenesis and osteogenesis property is desired. If realized, these multifunctional scaffolds would be very useful for overcoming the major challenges faced by current bone repair scaffolds.
Recently, incorporating bioactive ions or biogenic macromolecules into inert scaffolds to stimulate angiogenesis or osteogenesis differentiation of cells for bone reconstruction has become of interest. [8] [9] [10] As a bioactive inorganic ion, divalent copper ion (Cu 2+ ) doped into bioceramics plays an important role in blood vessel regeneration as a trace element. It has been proved that the incorporation of Cu 2+ in moderation could effectively promote angiogenesis through articially mimicking hypoxia to stabilize the expression of HIF-1a and further stimulate VEGF expression. 11, 12 In consideration of the vital functions it exerts in the processes of cell differentiation and blood vessel formation, it may thus provide a channel in bone reconstruction and regeneration through stimulating the expression of bone-related genes.
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Meanwhile, as a major component of the extracellular matrix, collagen was selected as an ideal biomacromolecule for secondary modication of the CPP scaffolds owing to its critical role in tissue formation and stimulating the secretion of some cell growth factors. [16] [17] [18] Moreover, the excellent bioactivity and biocompatibility could accelerate the formation of a bone-like mineralization layer on its surface. 19 Therefore, it would be a good choice to chemically modify porous inorganic scaffolds with collagen. Our previous work combined a bioceramic scaffold with collagen via glutaraldehyde (GA) crosslinking; however, its physical encapsulation usually suffered from serious phase separation. 10 In recent years, dopamine (DOPA) has attracted increasing attention as a bio-adhesive for its easy solvent-free operation, non-toxicity and excellent adherent properties for most materials. [20] [21] [22] DOPA is easy to selfpolymerize, forming poly(DOPA), which possesses a large amount of active functional groups and can react with most materials. Thus, it might be an effective approach to modify inert CPP ceramics via coating the collagen layer with DOPA, which could stabilize their connection and promote their phase compatibility. Nevertheless, the synergetic biological effects of Cu 2+ and collagen released from composite scaffolds on cell responses have been ignored until now. Considering the characteristics of Cu 2+ and the advantages exclusively exhibited by collagen, it was feasible to develop innovative biocompatible and bioresorbable composite scaffolds with excellent angiogenesis and osteogenesis properties through introducing Cu 2+ ions and collagen. Combining them with inert CPP scaffolds to acquire multifunctional organic/inorganic composite scaffolds and improve its effect on bone restoration is promising. 23 It can be inferred that collagen's modication endowed inorganic scaffolds with eliminated brittleness, controllable releasing bioactive ions and excellent cytocompatibility, which may prevent additional surgical interventions for patients. In addition, to more accurately model the osteogenic differentiation promoted by the tested materials in vivo, murine bone marrow stromal cells (BMSCs) are generally regarded as the most important seed cells in bone tissue engineering. 24, 25 Thus, the interaction of BMSCs and scaffolds was emphatically discussed to evaluate the osteogenic tendency obtained with the modied scaffolds.
Herein, we rstly doped a series of concentrations of copper ions inside the scaffolds, and among them, selected a moderate doping concentration through CCK-8 assay and mechanical measurement. Secondary modication was carried out via coating the collagen layer with DOPA, hoping to form a stable connection and preventing phase separation. The biocompatibility and angiogenesis and osteogenesis properties of this scaffold, which are tightly connected to bone reconstruction, were systematically researched. Through preparing CCPP/D/Col composite scaffolds, we hope to endow traditional inert bioceramics with osteoconductivity, sufficient toughness, and effective osteogenesis and angiogenesis inducing capability to accelerate vascularization and further promote new bone formation. It would provide a promising strategy to combine bioactive copper ions and collagen with inert CPP scaffolds to construct multifunctional scaffolds for bone regeneration.
Materials and method

Scaffolds fabrication and characterization
Porous CPP scaffolds containing a series of concentrations of copper ranging from copper-free to 0.5% (mole fraction, incorporating 0%, 0.01%, 0.05%, 0.2% and 0.5%). These scaffolds were synthesized as previously reported. Briey, CaCO 3 and Cu 2 (OH) 2 CO 3 were slowly added into 85% phosphoric acid with constant stirring. Aer reacted at 25 C for 12 h, products were obtained through evaporating under vacuum and the precipitates were washed with ethanol several times until the pH was about 7. Subsequently, these homogeneous amorphous CCPP were sintered at 800 C for 10 h to polymerize and then heated to 1100 C with a 15 C min À1 heating rate to melt. The melt was rapidly quenched in distilled water to cool down, then amorphous frits were milled and screened to yield powders in a size range of <75 mm. Finally, CCPP scaffolds were prepared through mixing the powers with stearic acid and 3 wt% poly-(vinyl alcohol), pressed at 98 MPa, and then sintered again to form a porous structure. To authenticate the homogeneity of the CPP or CCPP powders, the amorphous frits were milled and screened, and their particle sizes and particle size distributions were determined using a Mastersizer 2000 laser particle size analyser before being pressed into round pieces. Aer that, scanning electron microscope (SEM) examination was employed to observe the surface topography, phase constitution and porous microstructure of the prepared scaffolds. For the latter process, changes in the chemical composition resulting from the modication of the self-polymerized DOPA lm and the exterior immobilized collagen on the coating were determined using Fourier transform infrared (FTIR) spectroscopy (Nicolet 560, USA).
Compressive strength assessment and fracture surface observation
The compressive strength of these cylindrical scaffolds, with dimensions of 10 mm in diameter and 10 mm in thickness, was measured by electronic mechanical testing machine (Instron 4302, USA). A loading rate of 0.5 mm min À1 was applied to reach a fracture point as reported by Hayashi in the same measurement of hydroxyapatite. 28 During the process of compression treatment, once a sample had fractured, a dramatic decrease occurred in the force applied to the specimens. The rst maximum load was recorded and performed as the sample's compressive strength. In each group, at least ve specimens were tested and the results are expressed as average AE standard deviation (SD).
In addition, to evaluate the ductility of these compound scaffolds, their fracture surface morphologies were observed by SEM at 20 kV. Aer being frozen in liquid nitrogen for at least 5 min, the samples were fractured immediately. Then, the fracture surface was coated with gold and observed. 
Release of copper and calcium ions from compound scaffolds
Cell culture and proliferation rate assay
Murine bone marrow stromal cells (BMSCs) isolated from a 2 weeks-old SD rat were employed to evaluate the effect of Cu 2+ incorporation and collagen coating on cell proliferation, attachment, migration and differentiation. Aer cutting off both ends of the epiphysis, bone marrow inside the rat's femurs was rinsed out using DMEM culture medium. Following centrifugation and disassociation treatment, the obtained cells were moved into low-glucose Dulbecco's modied Eagle's medium (L-DMEM, Hyclone) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and cultured in an incubator with humidied atmosphere (37 C, 5% CO 2 ). 31 The culture medium was refreshed every two days to remove any suspended cells (especially haemocytes) for purication. Meanwhile, all samples were lyophilized and sterilized using g-irradiation at 25 kGy in advance.
For the cell proliferation assay, aer adding 500 mL of complete medium to moisten the scaffolds for at least 4 h, the medium was wiped off and BMSCs at passage 3 were seeded on them at a density of 2 Â 10 4 cells per well, continuously cultivating for predetermined periods (1 d, 3 d, 5 d and 7 d). At each time point, 50 mL of CCK-8 solution was added to each construct and then incubated at 37 C for 2 h. Subsequently, an aliquot of 150 mL was taken from this mixed solution and transferred to a new 96-well plate for optical density (OD) measurement. The absorbance was recorded at l ¼ 405 nm with a Microplate Reader (Model550, Bio Rad Corp.) and BMSCs seeded on fresh culture medium were used as the control.
Cell attachment morphology and distribution
Aer the BMSCs had been seeded on sterilized scaffolds at a density of 5 Â 10 4 cells per ml and incubated for 2 days, the cellular morphology was observed by scanning electron microscopy (SEM). In detail, cells were rinsed with PBS several times to remove cellular secretions and then scaffolds with attached cells were xed with 3% GA for 12 h at 4 C. Subsequently the samples were dehydrated with gradient concentrations of ethanol (25%, 50%, 70%, 80%, 90%, 95%, 98% and 100%), and then critical point-dried before SEM (JSM-5900LV, JEOL, Japan) experiments.
To evaluate the cytoskeletal organization on or across the composite scaffolds, BMSCs were stained with DAPI/rhodamine phalloidin and observed by confocal laser scanning microscope (CLSM). Aer 4 days of incubation using the same method as for the SEM experiment, cells attached on scaffolds were rinsed with PBS solution three times and xed with 4% paraformaldehyde for 10 min at room temperature. Subsequently, they were further treated in 0.5% Triton X-100 for 5 min to permeabilize the cell membranes, followed by a brief rinse with PBS, then a uorescein stain using 10 mM rhodamine phalloidin solution was employed to reveal cytoplasmic visualization, while the cell nuclei were counterstained using 5 mg ml À1 DAPI solution. Finally, cytoskeletal organization on various scaffolds was visualized by CLSM.
Alizarin red-S (ARS) staining
To evaluate their osteogenic properties, cell-mediated matrix mineralization tightly adjacent to various scaffolds was qualitatively detected using ARS assay. Alizarin red could sensitively react with the calcium deposits generated from osteoblastic differentiation and form red plaque. In detail, aer seeding BMSCs on or tightly appressed to disks and culturing for 21 days in sufficient medium, the scaffolds/cells were simultaneously xed in 4% paraformaldehyde for 1 h, rinsed with PBS and then stained by 1% Alizarin red solution (pH z 4.2) for 30 min with constant shaking. To reduce deviation, there were two replicate samples per group. Subsequently, the stain was repeatedly rinsed with deionized water to remove residual ARS, and then air-dried and imaged using a camera attached to an inverted microscope.
Real-time quantitative polymerase chain reaction (RTqPCR)
With regard to modication of traditional CPP scaffolds, the effects of copper doping and collagen coating on osteogenic differentiation and angiogenic properties were determined through RT-qPCR to measure the mRNA expression of osteogenesis-(ALP, OCN, OPN) and angiogenesis-related genes (HIF1a, VEGF). Briey, BMSCs were seeded on three identical specimens in each group at a density of 1 Â 10 5 cells per ml and incubated for 21 days. Subsequently, to extract total RNA, TRIzol reagent (Invitrogen, USA) was added and harvested cells with entirely isolated from RNase. The complementary DNA was reverse-transcribed from total RNA using a PrimeScript RT reagent Kit (TaKaRa®, China) according to the specications for RT-qPCR, and various RT-qPCR primers were designed based on cDNA sequences from the NCBI sequence database. Aer-wards, RT-qPCR was performed on a real-time uorescence quantitative instrument (PIKORed 96, Thermo Fisher Co., Ltd, USA) using SYBR Premix Ex Taq II Kit reagent (TaKaRa®, China). The relative expressions of these target genes were detected through normalizing the gene of interest to the reference gene b-actin, and it was calculated using the following formula:
In vivo animal study
All experimental animals were cared for according to the guidelines formulated by the National Institutes of Health on the humane use and care of laboratory animals, and all procedures performed on animals were approved by the laboratory animal center of Sichuan University. In this experiment, a total of 35 SD rats (3 months old, 250-300 g) were randomly divided into ve groups. Based on the results obtained in cell culture experiments and gene expression measurements, the CCPP scaffolds doped with 0.05% copper ions (0.05% CCPP) and products secondarily modied by collagen (0.05% CCPP/D/Col) were selected for further intravital evaluation. Meanwhile, the undoped CPP scaffolds and commonly used HA scaffolds served as the controls. Aer the rats were anaesthetized through intraperitoneally injecting pentobarbital at a concentration of 40 mg kg À1 under aseptic conditions, a 1.0-1.2 cm longitudinal incision was made on their scalp, the periosteum on the bone surface was separated and removed, and then the calvarium was exposed through blunt separation. Subsequently, a full thickness defect (F ¼ 10 mm) was created in the center area of the calvaria by using a bone drill. Meanwhile, they were constantly irrigated with sterilized 0.9% saline to avoid local overheating and tissue necrosis. Aer that, CPP, 0.05% CCPP, 0.05% CCPP/D/Col and HA scaffolds with dimensions of F10 Â 2 mm were carefully implanted into defects. Following surgery, peripheral so tissues were sutured layer by layer using a 4-0 surgical suture. To prevent wound infection, all animals received a daily injection of penicillin for 5 days post-surgery. Aer 8 weeks post-surgery, the rats were euthanized. Within the shortest time, implanted scaffolds with surrounding bone tissues were harvested and xed in 4% paraformaldehyde for 48 h preparing for micro-CT scanning. The defects were observed at a resolution of 18 mm and 3D images of bone formation were obtained.
Results and discussion
Porous scaffold fabrication and characterization
In design, a fraction of Ca ions in the initial CPP scaffolds was easily replaced by Cu 2+ since copper had a critical application to improve the angiogenic and osteogenic capacity. As seen from the arrangement of extra nuclear electrons, Cu possessed a lone pair electron in the 4s orbit and it had a stronger coordination tendency with O, which was probably the reason why Cu 2+ could react with the ligand (phosphate) rapidly and form a more stable complex compared with Ca 2+ . During the degradation of CCPP, Ca 2+ and Cu 2+ were continuously released for breakage of P-O bonds, and then exhibited synergistic promotion of osteogenesis and vascularization. The typical morphologies of the scaffolds modied by different methods are shown in Fig. 1(A) . As exhibited, doping the initial CPP ceramics with 0.01-0.5% Cu had little effect on the microstructure of the scaffolds: the open interconnected porosity which satised the requirements of cell growth and nutrient/metabolic waste transportation was well-preserved and the circular apertures were still distributed evenly (their pore sizes all ranged from 100 mm to 400 mm and the porosity was maintained at about 65 vol% as well). The grains of CCPP were arranged regularly and they were connected with each other more intimately, forming a more compact surface structure and bulk. This may be attributed to Cu 2+ ions having an agglutination effect from being surrounded by two non-bridging oxygen atoms, and compared to the Ca-O bond, the Cu-O bond revealed more covalent character. Coating DOPA onto CCPP scaffolds had little effect on the microstructure and surface topography: it was hard to distinguish CCPP and D/CCPP samples through differences in pore size and number. To conrm that the DOPA molecule was successfully introduced, random regions on scaffolds were analyzed using a scanning electron microscope equipped with energydispersive spectrometer (SEM-EDS). As revealed, a new peak representing nitrogen element appeared in the EDS spectrum of the D/CCPP sample. It indicated that the inorganic scaffold was successfully modied by DOPA and their chemical reaction formed a great amount of stable bridge bonds for connection. The poly(DOPA) layer on inorganic scaffold could effectively activate the inert CCPP scaffold and concatenate multiple functional groups on the surface; however, it may be problematic for cell attachment and migration.
32 Therefore, for the ultimate coverage of the collagen coating, its secondary modication was necessary to promote biocompatibility. Covering with collagen layers resulted in an apparent change in the particulate and porous microstructure to a much denser and smoother surface (although the scaffolds' porous surface was completely covered by collagen to form a smooth surface, the collagen layer was easy to degrade and was then dedicated to promoting cell attachment and migration).
In Fig. 1(B) , FTIR spectroscopy was applied to analyze the chemical structures of these unmodied or modied scaffolds. There were no marked differences in the spectra for CPP and 0.05% CCPP, which means that Cu could be doped without creating new peaks in the FTIR spectra. In the spectra for the D/ CCPP sample spectra, resonances appearing at 787. 4 View Article Online 1260.3 cm À1 was caused by C-N bending stretching, overlapped with CH 2 groups' wagging vibration. Since collagen was the only compound in the modied scaffolds that could introduce an amido bond, this result indicated that collagen was closely coated onto the surface of the scaffolds and formed a stable chemical structure.
Compressive strength assessment and fracture surface observation
For clinical application, bone repair scaffolds should have sufficient mechanical strength for bone regeneration at the site of fractures or defects and maintain their reticular microstructure intact, which may be benecial to cell growth. Therefore, compressive strength assessment and fracture surface observation were conducted to characterize the effect of Cu doping and/or collagen incorporation on the mechanical strength and ductility compared to the initial inorganic scaffolds.
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As Fig. 2 (A) reveals, even though the mechanical strength of the CPP scaffold was signicantly higher than that of traditional HA (it has gained wide clinical application and its strength was 0.38 MPa), it still hard to reach international requirements for application as repair materials to replace defective cancellous bone and need further development. 32 The compressive strength of these CPP composite scaffolds could be varied by changing the concentration of copper doped or by further modication by collagen. As exhibited, the strength is only 2.8 MPa for unmodied CPP, while increasing the Cu content increased the strength. At 0.05% CCPP the strength had nearly doubled to 5 MPa and approached the value for cancellous bone. Although continuously doping Cu could further increase the compressive strength, serious cytotoxicity limited their application. Therefore, combined with the tests below about biological responses, 0.05% CCPP was selected as the optimal scaffold material for suitable copper release rate and improved mechanical properties. The increased compressive strength with increasing Cu 2+ concentration may be attributed to the following reasons: Cu 2+ had a stronger electrostatic attraction for anions than Ca 2+ and it was easy to displace the position of Ca 2+ , increase the attraction for cations and promote the formation of regular crystals. Cu 2+ functioned as a covalentcharacterized adhesive in porous scaffolds and these newly formed tiny crystals tended to "agglutinate" more tightly. The Cu doping improved the compressive strength of the initial inorganic scaffold and collagen incorporation further eliminated its brittleness. 34 Aer secondary modication by DOPA-Col coating, the compressive strength of these composite scaffolds was dramatically enhanced. Especially, Col coating increased the compressive strength of 0.05% CCPP from 4.7 MPa to 5.3 MPa. This may be because DOPA introduction effectively guaranteed a tight connection between the inorganic and organic phases and collagen itself possesses excellent ductility.
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The fracture surface morphology of the D/CCPP/Col group is exhibited in Fig. 2(B) ; most of the spaces between the CCPP particles were lled by adherent collagen. The laminated collagen coating was adhered tightly and distributed evenly on the surface of the CCPP scaffolds, and no conspicuous aggregations appeared in sight. Under larger magnication (Â5000), some of the collagen was embedded in the pore walls and some others were connected through pores forming a threedimensional network microstructure. Since the excellent ductility possessed by collagen itself and this kind of structure could effectively absorb fracture energy and prevent propagation of cracks, DOPA-Col modication endowed CCPP scaffolds with greater compressive strength and better ductility. 36 It could prevent small cracks diffusing in the CCPP phase and enabled the scaffolds to resist multiple cracking events before totally collapsed. On the contrary, once small cracks appeared on the CCPP scaffold, they propagated rapidly without prevention. More than that, once a lesser force was imposed, the HA sample collapsed immediately before cracks formed and exhibited more palpable brittleness. It indicated that, superior to doping Cu inside CPP scaffolds, being further modied by collagen could more effectively increase the scaffolds' compressive strength and eliminate frangibility.
Ion release of CCPP and/or CCPP/D/Col scaffolds in SBF
Even though a low concentration of Cu 2+ could effectively promote vascularization, high levels of it may cause signicant cytotoxicity and serious pain stimulation. 29 In this research, it was controlled through only loading limited amounts of Cu inside and fabricating relatively stable bonding connections, making the bonds break successively and maintain for a longer period. During the process, the ion release rate was measured in real-time using ICP-AES. As Fig. 3 released from 0.05% CCPP scaffolds was considerably lower: it kept a nearly constant release rate and the maximum release amount was only 0.0046 mg, which was sufficient to stimulate new bone regeneration and induce guidance of vascularization. Therefore, 0.05% CCPP was selected for use in further research owing to its excellent biocompatibility. A similar release tendency was obtained in CCPP/Col compound group. However, for CCPP and CCPP/Col samples doped with equivalent amounts of copper, the CCPP samples released more rapidly and continued for a shorter period. For the CCPP groups, without a burst release phenomenon at the initial stage, they maintained a constant release rate for subsequent days and reached a peak value on the 27 th day, whereas the release rate in the equivalent CCPP/Col group slowed considerably and its cumulative release amount of Cu
2+
was reduced by at least 0.001 mg. Therefore, the release rate and cumulative content of Cu 2+ and Ca 2+ in aggregate not only depended on the amount of Cu incorporation inside initial CPP scaffolds but also on further modied by collagen. It may be attributed to following reasons: in the rst step, the DOPA/Col coating could form an effective physical barrier on surface, preventing the CCPP scaffolds from rapid degradation and dissolution. Then, the ion inltration and diffusion transferred from the unmodied CCPP scaffolds turned the proximal microenvironment to a lower pH and these acidic conditions may accelerate the degradation process and ion release. Nevertheless, scaffolds further modied by DOPA/Col had the ability to automatically adjust or retain the pH value at a neutral level, which could effectively delay the degradation process and ion release. Above all, collagen contains a peptide sequence structure similar to that of RGD tripeptide, which has been widely employed for surface medication to promote cell proliferation, adhesion, migration and differentiation. 29 Therefore, this secondary modication could further promote its biocompatibility and make it possess better angiogenic and osteogenic properties.
Cell proliferation
The CCK-8 assay was performed to compare the proliferation rate of BMSCs cultured on CPP scaffolds doped with different concentrations of Cu 2+ and/or introduced Col modication. As shown in Fig. 4 , a signicantly increasing trend of cell growth was observed with time. Briey, cell numbers in every group remained at the same level for the initial 3 days and began to exhibit a dramatically higher proliferation rate from the 5th day. According to previously established procedures, Cu(II), as one of the most important trace element in vivo, has excellent biocompatibility at low concentrations.
14,37 It could effectively promote vascularization and may be closely linked with osteogenesis. Some results in this research demonstrated that an appropriate amount of Cu 2+ introduction exhibited a deferred positive effect on BMSC proliferation: comparing their OD value exhibited at the same time point, with increased Cu 2+ concentration, the cell numbers cultured on corresponding scaffolds increased simultaneously. The peak value was reached at a certain concentration of 0.05%. As the Cu 2+ concentration further increased, cell numbers began to decrease since high concentrations of Cu 2+ exhibit high cytotoxicity, which may inhibit cell growth. Therefore, 0.05% CCPP was selected as the optimal scaffold for better cytocompatibility and attractive potential for vascularization. Besides, as can be seen from Fig. 4 , when collagen was present on the surface of the inorganic scaffolds, cellular proliferation took place rapidly. A slight advantage in the OD values of collagen coated groups was exhibited from the 1 st day, which can only be attributed to the promoting effect of collagen for cell attachment. Superior to various unmodied CCPP scaffolds, a signicantly higher cell proliferation of BMSCs was observed, attributed to the collagen coating, aer 3 days' culture. On the last day (7th day), compared with the corresponding CCPP group, the composite scaffolds with collagen coating exhibited an increase in OD value of approximately 20%. Analogously, the 0.05% CCPP/D/Col scaffolds exhibited the best effect, which may be attributed to following reasons: rstly, DOPA modication successfully changed the microenvironment around the CCPP scaffolds to alkalescent, which could promote cell adhesion and proliferation. Secondly, via strong interactions between functional groups on D/CCPP and collagen, the CCPP/D/Col scaffolds obtained optimal cytocompatibility comparable to that of collagen itself. 38, 39 Overall, the prepared CCPP scaffolds containing low-concentration copper ions (especially 0.05% Cu) possessed good biocompatibility with no signicant cytotoxicity on BMSC viability. Once further modied by collagen coating, cells seeded on them proliferated more rapidly. Therefore, the promising potential of 0.05% CCPP/D/Col scaffolds used for bone defect restoration was preliminarily demonstrated by its compelling capacity to promote BMSCs proliferation.
Assessment of BMSC attachment morphology and distribution
SEM images of BMSCs were obtained aer culturing them on various scaffolds for 2 days. As displayed in Fig. 5(a) and (b), there were smaller number, but well spread BMSCs attached on the initial CPP scaffolds. Whereas, conversely and unexpectedly, most of the BMSCs on 0.05% CCPP presented a transmutative and sparse morphology, indicating poor activity or dead cells. This was imputed to the weak-acidic situation of the local microenvironment adjacent to 0.05% CCPP, which was unbenecial for cell growth and may accelerate the release of copper ions, causing high cytotoxicity. As shown in Fig. 5 (c) and (d), aer being preliminarily modied by DOPA, BMSCs on the D/ CPP and D/0.05% CCPP scaffolds all presented well-spread morphology and lamellipodia stretched from the cell surface were evidently observed. It may be due to DOPA's modication adjusting the microenvironment to alkalescent, which could effectively promote cell proliferation and attachment. Aer being further modied by collagen coating, the cells became atter and better stretched, possessing a large number of lo-podia and lamellipodia adjacent to BMSCs. This result indicated that the biomimetic scaffolds prepared through further chemically coating collagen could provide an ideal environment similar to that of the ECM for BMSC growth and attachment.
Cytoskeletons were labelled and immunouorescently stained to observe the morphology of the seeded BMSCs. As exhibited in Fig. 6 , similar to the result obtained from Fig. 5(b) , the globular-like BMSCs on the surface of the 0.05% CCPP disk were simultaneously found from CLSM observation, whereas cells seeded on CPP scaffolds were smaller-numbered, but wellspread. It implied that just introducing copper ions did not benet the spreading or proliferation of BMSCs compared with the blank control (CPP scaffolds). Merely comparing their cell number with that of the CPP sample, no obvious adverse effect was exhibited for the D/CPP group, while the amount increased signicantly on the D/0.05% CCPP one. Cells on the D/0.05% CCPP scaffold became denser and had a criss-cross distribution. On the one hand, DOPA modication adjusted the microenvironment to alkalescent. It could guarantee the controllable release rate of copper ions and thus accelerate cell proliferation and spreading. On the other hand, the cell morphology and stretching were also affected by the microstructure of the surface. The CPP sample had a number of small-sized plate-like crystals on its surface, while the sample doped with a low concentration of Cu 2+ (especially D/0.05% CCPP), smaller and more regular crystals appeared, which were more suitable for cell attachment and growth. 40, 41 Therefore, based on DOPA modication, Cu incorporation could support BMSC proliferation and attachment: cells tended to spread out extensively and even covered the porous structure of the scaffolds.
Analysis of osteogenic differentiation
To intuitively evaluate their osteogenic differentiation properties, ARS staining was used to detect the mineralization of the extracellular matrix aer a predetermined incubation period. As displayed in Fig. 7 , massive calcied nodules appeared in the CPP/D/Col and 0.05% CCPP/D/Col group; however, adjacent to the CPP and 0.05% CCPP samples, fewer nodules appeared and their Alizarin red staining was signicantly lighter and smaller. As is well known, the amount of calcium nodules presented a positive relationship with the osteogenic differentiation properties of the corresponding scaffold. Since it was the highest in the 0.05% CCPP/D/Col group and less pronounced in the initial unmodied CPP sample, it may indicate that 0.05% CCPP/D/Col scaffolds had the optimal capability to enhance osteogenic activity and promote osteogenic differentiation. Taken together, combined with the results obtained in the ARS assay and CLSM observation, in comparison with the initial CPP scaffolds, doping with moderate copper ions and further modifying through coating collagen could effectively promote BMSCs adjacent to scaffolds to form more ECM minerals and exhibit better osteogenic differentiation property.
The 0.05% CCPP/D/Col scaffold may be a promising biomaterial for bone repair. Compared with the traditional CPP scaffold, it potentially provided an optimal environment for new bone formation, since it effectively enhanced cell-mediated osteogenesis and eliminated the brittleness.
Angiogenesis-and osteogenesis-related gene expression
Doping with a moderate amount of copper ions and coating with collagen may have the potential to promote new bone regeneration by enhancing osteogenesis-and angiogenesisrelated gene expression. In this research, to evaluate the role of these two modications in osteogenic and angiogenic activity in vitro, several kinds of typical osteogenesis-(ALP, OCN, OPN) and angiogenesis-related (VEGF, HIF-1a) gene expressions were measured aer BMSCs were seeded on various samples for 21 d. Fig. 8 shows that the incorporation of a moderate amount of copper ions (especially 0.05%) into the initial CPP scaffold only slightly increased the expressions of these genes, whereas aer secondary modication by collagen coating, their expressions increased remarkably. Therefore, as the RT-qPCR analysis displayed, the experimental group with 0.05% copper doping and collagen coating signicantly up-regulated the expression of all of the investigated genes, and most of their expressions even reached a peak value at this point. In conclusion, these two-step modications involving Cu 2+ doping and collagen coating both stimulated the vascularization process, and exhibited benecial effects on osteogenic differentiation and mineralization of BMSCs, which was in accordance with the results obtained in the ARS assay. It was attempted to explain this by the following reasons: rstly, and importantly, as previously reported, the oxygen-decient microenvironment may be the main factor for enhancing the osteogenic differentiation of BMSCs seeded on scaffolds. Cu 2+ released from the 0.05% CCPP/D/Col scaffolds could mimic a hypoxic microenvironment, in which HIF-1a was stabilized by the lack of oxygen, and then further facilitate the expression of VEGF. Meanwhile, the hypoxic microenvironment also promoted osteogenic differentiation through stimulating the expression of bone-related genes, such as ALP, OCN and OPN. 37, 42, 43 Secondly, since collagen is one of the most important components of the bone extracellular matrix, collagen coating in the secondary modication process provided more functional destinations for differentiating cells in growing bone, and thus further promoted the cells' osteogenic differentiation.
However, for the above mentioned 0.05% CCPP/D/Col scaffolds, aer further increasing the copper ion concentration (take 0.5% CCPP/D/Col for example), almost all osteogenesisand angiogenesis-related gene expressions showed a dramatic decrease, even compared with the initial CPP scaffolds. That may because high concentrations of Cu 2+ easily cause high cytotoxicity, leading to a signicant inhibition of cell proliferation, differentiation and functionalization. This indicates that a low concentration of Cu 2+ has a promotion effect on osteogenic and angiogenic activation, but increasing its concentration triggered an adverse effect.
Micro-CT analysis and histological observation
Aer 8 weeks of cultivation, all rats with implanted scaffolds were scanned by micro-CT and Fig. 9 exhibits the 3D-reconstructed images. As shown, with the progression of implantation time, the volumes of the scaffolds were all decreased. Furthermore, the CPP/D/Col and 0.05% CCPP/D/Col scaffolds exhibited a more remarkable decreasing tendency compared to the others, which indicated that these two groups had better new bone formation promoting effects. They effectively induced the regeneration of bones penetrating into the porous structures of these two composite scaffolds. In addition, good fusion between the newly generated mineralized layers and host bones is critical for bioactive scaffolds to rapidly bond to living bone in vivo. As displayed, an obvious gap was situated at the periphery of the unmodied CCPP implants and old bones, while no gaps were visible once they were further modied by collagen coating. This indicated that the composite scaffolds, obtained from secondary collagen modication, had a more prominent ability to integrate with host bones and fused with them more easily.
Conclusions
In this study, via introducing DOPA to form stable bonds, we successfully prepared 0.05% CCPP/D/Col to obtain multifunctional composite scaffolds t for bone regeneration and reconstruction. As conrmed, without cell proliferation, the controllable copper ion release and collagen stripping could effectively induce the osteogenesis differentiation of BMSCs through activating bone-related genes and stimulating protein expression, further accelerating vascularization and new bone formation. In addition, collagen coating endowed the initial CPP scaffolds with excellent toughness and compressive strength. In a word, CCPP/D/Col scaffolds will evolve as promising multifunctional biomaterials for bone reconstruction. The concept, introducing bioactive Cu ions and collagen into inert CPP scaffolds to develop an innovative biocompatible and bioresorbable composite scaffold with excellent angiogenesis and osteogenesis properties, may offer a new method to fabricate multifunctional composite scaffolds for bone regeneration.
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